Shock/boundary layer interaction alters the near field mean flow of a transverse jet in supersonic crossflow by bifurcating the phase portrait of the separation topology through the addition of saddle points, nodes and separation lines. Moreover, the interaction generates additional flow structure in the near field that affects the surface pressures and ultimately the jet interaction performance coefficients. This study examines the flow structure, separation topology and performance characteristics of an underexpanded transverse jet issuing normally into subsonic and supersonic freestreams. New flow structure in the near field of the jet has been identified adding to the basic understanding of jet interaction. 
I. Introduction
ETS issuing perpendicularly to a freestream have been the subject of research for more than sixty years. 1 Much of the research has been focused on vertical/short take-off and landing applications, where the freestream is either quiescent or regarded as incompressible, or scramjet engine applications where mixing is the primary concern. Reaction jet control systems (RJCS) have received less attention, but have gained focus recently as vehicle maneuverability requirements have increased. The interest in RJCS applications is directed at the surface pressure perturbations caused by the interaction between the jet and freestream, generally referred to as jet interaction (JI), which can alter the effectiveness of the RJCS. Ferrari 2 , Spaid 3 and Spaid and Cassel 4 have suggested a transverse jet can be represented by a solid body of given length and shape in inviscid flow. Observations have revealed this simplistic model is not realistic because it does not include plume overexpansion, proper vortex generation or the proper separation topology. Current understanding of the near field mean flow structure in a supersonic freestream due to Morkovin, et al., 5 Cubbison, 6 Fric and Roshko 7 and Roger and Chan 8 has been described and illustrated by Champigny and Lacau. 9 This mean flow structure has been confirmed by Gruber, et al. 10 and is widely accepted by most researchers.
The mean flow structure depicted by Champigny and Lacau is shown in Figure 1 . Among the features of this model are the λ-shock structure upstream of the jet created by the interaction between the bow shock and approaching boundary layer, the subsequent threedimensional separation zone wrapping around the jet and the counter-rotating jet vortices. In addition to these features, a barrel shock around the plume terminating in a Mach disk, horseshoe vortices convecting around the jet and a downstream secondary shock are present. The current study seeks to verify these flow structures via numerical simulation, examine the complex separation topology of JI and identify amplification effects on the jet thrust.
The three-dimensional viscous-inviscid interaction present in supersonic JI precludes the use of many simplifying assumptions so a three-dimensional Reynolds-averaged Navier-Stokes (N-S) solver was used to simulate the interaction. Two solvers were evaluated, namely, Falcon, a Lockheed Martin code, and GASP, a commercial code, 11 to determine the ability of each to properly simulate the near field mean flow structure. The evaluation concluded Falcon with a k-kl turbulence model 12 was the more appropriate numerical model.
II. Preliminary Flow Simulations
Falcon solves the full set of unsteady three-dimensional conservation equations 13 with Reynolds and Favre averaged quantities by marching the equations through time (or pseudo-time) to a steady-state solution. Details of the code can be found in Ref. 11 . In this section, a limited validation of the code pertinent to the present study is provided. This validation was performed against data for undisturbed supersonic turbulent flow over a flat plate and supersonic turbulent flow over a flat plate with a transverse jet of pressure ratio 308. Further validation for a large variety of flows can be found in Ref. 12 .
II.1 Undisturbed Turbulent Boundary Layer
Falcon was applied to turbulent flow over a flat plate at Mach 2.23 and 4.5. The results are compared against the data of Shutts et al. 14 17 at two locations along the plate for the calculations, the experimental data and the law-of-the-wall profiles. 
II.2 Transverse Jet in Supersonic Crossflow with a Turbulent Boundary Layer
This section presents computational results compared to experimental data from Dowdy and Newton. 20 Dowdy and Newton collected a significant amount of surface pressure data on jets issuing from flat plates into supersonic crossflows. Falcon was applied to the test conditions listed in Table I Figure 5 , the pressure is normalized by the ambient pressure while the distance along the plate is normalized by the diameter of the jet, d jet , with the upstream distribution shown in Fig. 5a and the downstream shown in Fig. 5b . The diamond symbols represent the experimental data 20 and show the upstream pressure calculations agreed well with experimental data. The experimental data in Figure 5b show a massive overexpansion of the highly underexpanded jet (PR=308) to below 10% of ambient. The overexpansion is followed by a gradual recompression until the pressure overshoots ambient before expanding back to ambient. The computations captured the overexpansion, but overpredicted the slope of the recompression and underpredicted the overshoot. Nonetheless, Fig. 5 shows the computations can provide reasonable results for transverse jets in a supersonic freestream.
III. Results and Discussion

III.1 Transverse Jet in Subsonic Crossflow
The study of transverse jets in a subsonic freestream is relevant to the study of transverse jets in supersonic freestreams (TJISF) because the counter-rotating vortices, a major feature of the flow structure in TJISF, are attributed to studies of transverse jets in subsonic freestreams. Proper prediction of these vortices in subsonic flow indicates the solver will be able to predict them in supersonic flow. Furthermore, it provides good background to contrast against TJISF.
A 457.2 mm square flat plate with a jet orifice located on the centerline, 177.8 mm from the leading edge, was analyzed with the coordinate system shown in Figure 8 shows the normalized surface pressure plotted against the normalized axial distance in front of the jet at various lateral locations. The PR 5 jet resulted in supersonic flow at the exit plane of the nozzle with expansion waves emanating from the exit reducing the pressure within the jet as it expanded into the freestream. The expansion waves resulted in a favorable pressure gradient for the approaching boundary layer at lateral distances greater than 0.6 diameters. At lateral distances less than that, the jet obstruction caused the surface pressures to rise, creating an adverse pressure gradient immediately ahead of the jet expansion.
These pressure gradients near the jet affected the boundary layer thickness in the near field as shown in Figure 9 . The boundary layer was 1 jet diameter thick upstream of the jet, but as it approached the jet, at lateral distances greater than 0.6 diameters, it became thinner because of the favorable pressure gradient. Near the centerline, the adverse pressure gradient caused a rapid thickening of the boundary layer with a corresponding decrease in surface shear stress. As surface shear stresses tended toward zero, it was prudent to exam the skin friction lines, shown in Figure 10 shows skin friction lines on the surface of the flat plate in the near field of the jet with surface pressure contours shown in white. Determination of three-dimensional separation takes a different approach than twodimensional separation. [21] [22] [23] [24] Three-dimensional separation is described through a topology of saddle points, nodes, foci, streamlines and separation lines. A line of separation is a particular skin friction line on which other skin friction lines converge. If the skin friction line on which others converge emanates from a saddle point, it is said to be a global line of separation. Otherwise, it is a local line of separation. The convergence of the skin friction lines is the necessary condition for separation of a three-dimensional boundary layer. Furthermore, skin friction topologies with three-dimensional boundary layer separation adhere to certain topological rules 22 . However, topological rules for a body in the presence of two streams are not well understood so the approach taken here was to identify the singularities on the surface, then identify the body type simulated by the interacting streams according to the topological rules for three-dimensional separation. 22 Figure 10 shows two half saddle points, one upstream and one downstream at the plate/jet junction, and two half separation foci at the plate/jet junction. Away from the plate/jet junction, downstream of the jet, there were two saddle points and one attachment node for a total of three saddle points and two nodes and foci. In addition to the saddle points, nodes and foci, two pair of global separation lines, one around the jet and one downstream of the jet, are shown in Figure 10 . These topological features define the phase portrait of this flow field and show that threedimensional separation occurred around and downstream of the jet. This flow can be classified topologically as that of a two-dimensional plane cutting a three-dimensional body. 22 Such a classification is not surprising since the jet appears to the oncoming flow as a cylinder of finite height. A configuration proposed in early models of JI.
The global separation lines around the jet emanated from the upstream half saddle point, wound into the half separation foci and were the base of the dividing surfaces 22 coiling into horn vortices as shown in Fig. 11 . Threedimensional vorticity production through stretching and baroclinic interaction of pressure and density gradients as well as two-dimensional vorticity production due to viscous effects and strain generated these vortices. Vorticity production due to dilatation was negligible at this Mach number. Figure 11 shows streamlines beginning just inside the jet exit (green) and just outside the jet exit (blue). The streamlines just outside the jet exit (blue) follow the dividing surfaces emanating from the global separation lines on either side of the jet to form horn vortices, with the jet streamlines (green) rotating into the horn vortices as both sets of streamlines convect downstream.
The global separation lines downstream of these horn vortices generated near-field and far-field wake vortices Downstream of the saddle points, the dividing surfaces convected downstream away from the jet as shown in Fig. 13 . These dividing surfaces coiled up into the far-field wake vortices with the left running vortex rotating clockwise and the right running vortex rotating counterclockwise.
This topology and associated flow structure are manifested in perturbations to the surface pressures near the jet. The region encompassing these perturbations defines the near field. Using the upstream half saddle point, the two downstream saddle points and the judicious selection of a pressure contour, a vast majority of the perturbations were captured and the near-field boundary was defined as shown in Fig. 14 . Figure 14 shows the near-field boundary in red with skin friction lines in black and surface pressure contours in white. The region outside this boundary had an insignificant effect on the JI force and moment while within this boundary the surface pressure perturbations dictated the JI force and moment. The two lobe character of this region is interesting to note because in the next section, when supersonic freestreams are considered, this character will be different.
The flow structure responsible for the modification of the surface pressures in the near field were the threedimensional separation zone around the jet, the separation zone behind the jet, the horn and near-field wake vortices as well as the attachment nodes, separation foci, and saddle points. The extent of the influence of these separation zones and topological features on the surface pressures and jet thrust were quantified by calculating the amplification coefficients. The amplification coefficients are defined as Near field boundary Table 1 shows the thrust, force and moment coefficients along with the amplification coefficients. Amplification coefficients less than 1.0 indicate that the JI force opposed the force of the jet (i.e. attenuation) while amplification coefficients greater than 1.0 indicate that the JI force aided the force of the jet (i.e. amplification). Amplifications coefficients less than 0.0 indicate the direction of the jet thrust had been overwhelmed by JI forces and the resultant opposed the direction of the jet force. For the conditions of this simulation, the normal force amplification coefficient, ε N , was +0.06 indicating the jet thrust was attenuated nearly 95%. The pitching moment amplification coefficient, ε m , taken about the leading edge of the plate, was -0.22 indicating the direction of the moment from the jet force was reversed and the magnitude attenuated almost 80%. This overwhelming impact on jet thrust performance shows how important JI forces and moments are to the operation of reaction jet control systems and how critical it is to understand the flow structure in the near field of the jet. In the following section, JI, surface pressures and flow structure in a supersonic freestream are examined.
III.2 Transverse Jet in Supersonic Crossflow
The flow structure in the near field of a transverse jet is very different in supersonic flow. In this section, a transverse jet with pressure ratio 5.0 issuing into a Mach 2 freestream is compared with the subsonic results of the previous section.
To maintain the same Reynolds number and jet pressure ratio at Mach 2, the ambient pressure was decreased to 9.83 kPa (205.4 psf) and the nozzle inlet total pressure was decreased to 49.16 kPa (1026.8 psf). Figure 15a The underexpanded jet emerged from the nozzle, in the bottom right corner of Fig. 15a , obstructing the freestream approaching from the left. The obstruction deflected the supersonic freestream in the transverse and lateral directions generating a three-dimensional shock wave, typically referred to as the bow shock. The bow shock interacted with the approaching boundary layer to create a complex inviscid/viscous interaction known as a shock/boundary layer interaction with a λ-shock structure. 26 As the bow shock intersected the boundary layer, the boundary layer sensed the pressure rise across the shock altering the viscous velocity profile and thickening the boundary layer as shown in Fig. 15b . As the shock penetrated the boundary layer, it refracted downstream due to the change in the Mach number through the boundary layer. The refracted shock turned a portion of the boundary layer flow toward the surface creating a node of attachment (or stagnation point) and an adverse pressure gradient that separated the boundary layer from the surface upstream of the node and created the upstream saddle point. As will be shown later, this saddle point originated a pair of separation lines and a separation zone between the freestream and the jet. Within the separation zone, the node of attachment shown in Fig. 15b divided two recirculation regions. The flow to the left of the node turned into an upstream recirculation between the upstream saddle point and node. The flow to the right turned toward the jet, deflected immediately upward into a saddle point within the interior of the flow then turned back toward the attachment node.
Outside the recirculation regions, upstream of the saddle point, the thickened boundary layer produced oblique compression waves which coalesced into the bow shock, creating the upstream leg of the λ. The refracted bow shock completed the λ-shock structure which dominated the near field flow structure upstream of the jet and dramatically impacted the jet trajectory.
The strength of the λ-shock bent the jet approximately 30° downstream. As the jet was turned, an oblique shock wave formed within the jet, typically referred to as the barrel shock, which propagated across the jet as illustrated in Fig. 16 . As the barrel shock traveled across the jet, expansion waves emanating from the leeward edge of the jet exit intersected the barrel shock bending it downstream. These expansion waves deflected as they passed through the barrel shock generating an expansion fan in the interaction region which turned the freestream around the jet. As the jet turned downstream, separation foci (discussed later) downstream turned the leeward side of the barrel shock away from the surface toward the windward side of the barrel shock. This collapsed the threedimensional shock on itself, generating a three-dimensional shock reflection. The leeward side of the reflection coalesced with compression waves generated by the downstream separation zone (discussed later). The windward side weakened due to the intersection of the expansion waves that reflected through the windward side of the barrel shock. This flow structure just described is considerably different from the underexpanded jet issuing into a subsonic freestream. The wave formations in the freestream produced remarkably different flow characteristics. These flow characteristics produced by the presence of these waves are a result of the fundamental inability of pressure disturbances to propagate upstream in supersonic flow (except through the thin subsonic region near the surface). In no better way can these complex characteristics be illustrated than in Fig. 17 where skin friction lines are plotted with surface pressure contours. Figure 17 shows skin friction lines in black and surface pressure contours in white with the salient features of the separation topology highlighted. This figure shows four saddle points, one attachment node and two separation foci with two pairs of global separation lines. The change from a subsonic freestream Mach number to a supersonic freestream Mach number created three pitchfork bifurcations 27 . Downstream, a pitchfork bifurcation changed the two saddle points and attachment node into a single saddle point while another pitchfork bifurcation close to the jet changed the two half separation foci into two separation foci and one saddle point with a third bifurcation changing the two half saddle points at the plate/jet junction into two saddle points and one attachment node upstream of the jet classifying this flow field as a twodimensional plane cutting a three-dimensional body with four saddle points and three nodes and foci. Furthermore, Reflection the separation foci moved away from the jet/plate junction and the pair of global separation lines emanating from the new upstream saddle point moved downstream, separated by nearly 7 jet diameters. These separation lines proceeded downstream without ever converging to a node or foci. Without this convergence, a large portion of the plate was covered by the separation zone. This massive separation around the jet spawned horseshoe vortices as shown in Fig. 18 . Figure 18 shows streamlines coiling up into horseshoe vortices as they follow the dividing surfaces around the jet into the separation zone with skin friction lines in black and surface pressure contours in white. The streamlines wrapped under each other producing a clockwise left running vortex and the counterclockwise right running vortex. The emergence of the new saddle point created from the λ-shock structure effectively uncoupled the first set of global separation lines from the horn vortices allowing the horseshoe vortices to form as shown in Fig. 18 and coexist with the horn vortices as shown in Fig. 19 . Figure 19 shows streamlines wrapping around the dividing surfaces emanating from the global separation lines formed between the second saddle point and the two separation foci into horn vortices and streamlines wrapping around the dividing surfaces emanating from the global separation lines originating from the first upstream saddle point into horseshoe vortices. The λ-shock altered the flow structure by producing the first upstream saddle point, allowing the horseshoe vortices to develop, forming an upstream attachment node and producing the transverse pressure gradient necessary to deflect the jet. The alteration of the path of the jet relocated the separation foci downstream moving the horn vortices away from the jet/plate junction and reduced the downstream saddle points to 1. This reduction in saddle points prevented the formation of the downstream pair of global separation lines and the formation of the near and far-field wakes vortices. With no near-field wake vortices and the new pair of global separation lines defining a separation zone much larger than what could be reasonably called "near field", it was viewed as more reasonable to define the near field by the judicious selection of a surface pressure contour as shown in Fig. 20 . Figure 21a shows the shock waves upstream of the jet elevated the surface pressures 80% above the subsonic case and enlarged the affected area. This marked difference in the upstream region had an amplifying effect on the jet thrust while the downstream surface pressures attenuated the thrust as shown in Fig. 21b where surface pressure downstream of the jet are plotted. The jet expansion waves reduced the surface pressure downstream of the jet by 60% from the subsonic case and enlarged the affected downstream area. Although these distributions show the jet thrust was amplified by the upstream pressure and attenuated by the downstream pressure, the area affected was three-dimensional and integration of the entire area was required to determine the global impact of jet interaction on jet thrust. Table 2 summarizes the thrust, force and moment coefficients along with the amplification coefficients for the supersonic and subsonic simulations at jet pressure ratio 5. Table 2 At Mach 2.0, JI amplified both the normal force and pitching moment of the jet by more than 2½ times where ε N =+2.59 and ε m =+2.60. These coefficients show JI in a supersonic freestream produced an effect opposite to JI in a subsonic freestream where both coefficients were attenuated.
IV. Conclusions
The features of the Champigny-Lacau model for supersonic freestreams were verified, namely the bow shock, barrel shock, λ-shock, Mach disk, jet vortices and horseshoe vortices. In addition, new flow structures were identified downstream of the jet, namely horn vortices in the supersonic freestream and horn, near-field wake and far-field wake vortices in the subsonic freestream. Furthermore, the topological phase portrait experienced three bifurcations when the freestream Mach changed from 0.3 (subsonic) to 2.0 (supersonic). Upstream, singularities in the skin friction lines appeared while downstream singularities disappeared. These bifurcations resulted from the presence of shock and expansion waves which dramatically altered the performance characteristics. In subsonic flow, the jet thrust was nearly nullified by JI while it was more than doubled in the supersonic freestream. The dramatic impact on JI performance characteristic illustrates the importance of understanding the near field mean flow structure of transverse jets issuing into a freestream in any regime. 
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